Abstract Normal mammary gland homeostasis requires the coordinated regulation of protein signaling networks. However, we have little prospective information on whether activation of protein signaling occurs in premalignant mammary epithelial cells, as represented by cells with cytological atypia from women who are at high risk for breast cancer. This information is critical for understanding the role of deregulated signaling pathways in the initiation of breast cancer and for developing targeted prevention and/or treatment strategies for breast cancer in the future. In this pilot and feasibility study, we examined the expression of 52 phosphorylated, total, and cleaved proteins in 31 microdissected Random Periareolar Fine Needle Aspiration (RPFNA) samples by high-throughput Reverse Phase Protein Microarray. Unsupervised hierarchical clustering analysis indicated the presence of four clusters of proteins that represent the following signaling pathways: (1) receptor tyrosine kinase/Akt/mammalian target of rapamycin (RTK/Akt/mTOR), (2) RTK/Akt/extracellular signal-regulated kinase (RTK/Akt/ERK), (3) mitochondrial apoptosis, and (4) indeterminate. Clusters 1 through 3 comprised moderately to highly expressed proteins, while Cluster 4 comprised proteins that are lowly expressed in a majority of RPFNA samples. Our exploratory study showed that the interlinked components of mitochondrial apoptosis pathway are highly expressed in all mammary epithelial cells obtained from high-risk women. In particular, the expression levels of anti-apoptotic Bcl-xL and pro-apoptotic Bad are positively correlated in both nonatypical and atypical samples (unadjusted P \ 0.0001), suggesting a delicate balance between the pro-apoptotic and anti-apoptotic regulation of cell proliferation during C. Ibarra-Drendall (&) Á M. M. Troch Á S. Lem Á
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Introduction
Mammary gland homeostasis requires a coordinated regulation of cell signaling networks that comprises key regulatory protein kinases, phosphatases, and proteases. Deregulation of signaling pathways that control cell proliferation, differentiation, survival, and death is thought to play an important role in the breast cancer initiation and progression. For example, the superfamily of receptor tyrosine kinases (RTKs), such as epidermal growth factor receptor (EGFR or related ErbB family) and insulin-like growth factor receptor (IGF-1R), has proliferative and survival roles during mammary ductal outgrowth and branching [1, 2] . However, overexpression of these RTKs can disrupt the development and lead to tumorigenesis [3, 4] . In addition, the superfamily of serine/threonine kinases, such as Protein Kinase B/Akt, plays an important role in mammary carcinogenesis. The three isoforms of Akt (Akt1, Akt2, and Akt3) have distinct roles in this function. For example, the overexpression of Akt2 in ErbB2-overexpressing breast cancer cells resulted in an invasive phenotype [5] , while overexpression of Akt1 only accelerated tumor onset [6] . Emerging evidence suggests that overexpression of Akt3 is inversely correlated with estrogen receptor (ER) status [7] . Moreover, cross-talk between signaling pathways may provide alternative mechanisms of cellular deregulation as well as resistance to treatment. Elucidation of activated signaling pathways in tumor cells has shown promise to identify molecular targets for rational drug design as well as identify patients who may benefit from specific targeted therapeutics [8] [9] [10] [11] [12] [13] . In this article, we report the feasibility of profiling mammary epithelial cells obtained from prospective cytological specimens of women who are at a high risk for breast cancer, using Reverse Phase Protein Microarray (RPPM) technology. RPPM is a high-throughput technique for analyzing the expression and activation levels of a large number of signaling proteins in pure cell populations obtained from small clinical samples. The RPPM format immobilizes dozens of protein lysates from different patient samples on one array, followed by incubation with a specific antibody. Thus, a single protein endpoint is measured and directly compared across multiple samples.
We employed Random Periareolar Fine Needle Aspiration (RPFNA) to sample mammary epithelial cells from the whole breast of women who are at a high risk for developing breast cancer. RPFNA has been utilized to assess the short-term breast cancer risk and test for response to chemoprevention in high-risk women [14, 15] . The presence of cytological atypia in breast RPFNAs of high-risk women confers a 5.6-fold increase of short-term risk for the subsequent development of breast cancer [14] . Recently, we demonstrated that RPFNA is a highly reproducible technique for examining the cytology of replicate samples obtained from the same breasts of high-risk women in a multi-institutional cross-sectional study [16] .
In this pilot and feasibility study, we describe the utility of RPPM technology to profile cell signaling pathways in limited RPFNA samples obtained from women at a high risk for breast cancer. Majority of these cytological specimens were obtained from women undergoing lumpectomy, lymph node biopsy, or prophylactic mastectomy in the operating room. Initially, a total of 60 protein endpoints were tested in mammary epithelial cells of 26 high-risk women.
We identified three clusters of moderately to highly expressed proteins as well as one cluster of lowly expressed proteins in a majority of aspirates with cytological atypia. Of these clusters, Cluster 3 demonstrated the highest expression of proteins that include specific components of the mitochondrial apoptosis pathway. Our feasibility study demonstrates that the overall levels of key regulators of cytochrome C release determined the susceptibility of cells to programmed cell death or apoptosis. In addition, the majority of RPFNA samples with cytological atypia showed high expression of key cell survival proteins. The preliminary information provided by this pilot study will form the basis of future (a) proteomic studies to test the reproducibility of and changes in protein signaling in cytological samples obtained from both breasts of high-risk women and (b) functional studies with specific targeted agents to identify potential strategies for breast cancer prevention, early detection, and therapeutic intervention.
Materials and methods

Patient population
This study examined the cytological specimens of 26 women who are at a high risk for breast cancer. Specimen collection was conducted from June 2008 to February 2010 under an Institutional Review Board-approved protocol at the Duke University Medical Center.
Eligibility criteria
Women recruited to this study were required to have at least one of the following risk factors for breast cancer: (a) 5-year Gail risk calculation C1.7%, (b) a prior excisional biopsy exhibiting atypical hyperplasia, DCIS, or LCIS, (c) a known BRCA1/2 mutation, or (d) a history of invasive breast cancer. In women with history of prior DCIS treated with radiation, RPFNA was performed on the contralateral breasts. However, women with DCIS treated by excision alone (i.e., no radiation) were eligible to undergo bilateral aspiration. In some of the women with prior invasive cancer, the contralateral breasts were aspirated in the operating room (OR).
The primary goal of this pilot study was to profile protein expression of various cell signaling proteins that we hypothesize are deregulated in atypical mammary epithelial cells. We employed RPFNA as a research tool for capturing the molecular changes that may be occurring in these cells, which may or may not progress to become cancer cells. To detect these changes or ''field effects'' by protein microarray, we have made few exceptions to the RPFNA eligibility criteria on nearly half of the women (with the history of invasive breast cancer) who underwent surgical procedure (Table 1) , and allowed random aspirations of the affected breasts.
Demographic data, family history of breast cancer, menopausal status, and history of abnormal biopsies were collected by patient interview, patient chart reviews, and/or clinical assessment by a physician.
Breast RPFNA and cytology assessment
Aspirates were collected and processed according to the published methods of Carol Fabian and others [14] [15] [16] [17] [18] . Cells from the right and left breast were processed separately, yielding one sample per aspirated breast. In this pilot and feasibility study, the majority of the samples were obtained from the operating room due to one or more of the following reasons: prophylactic mastectomy, lumpectomy, or lymph node biopsy. Our RPFNA consent form allows for aspirations in women with suspicious mass in the OR as long as they have been evaluated by a breast surgeon who agrees to have the RPFNA performed on the day of the surgery. These women have core needle biopsies to document the presence or the absence of cancer. Such exception to the RPFNA (18) 86 (6) 63 (12) African American 27 (7) 14 (1) 32 ( (16) 43 (3) 68 (13) Post/peri 38 (10) 57 (4) 32 (6) Prior abnormal biopsy, % (n) 0.64 b None 31 (8) 43 (3) 26 (5) DCIS 23 (6) 14 (1) 26 (5) Cancer 46 (12) 43 (3) 48 (9) Family history of breast cancer,
No 73 (19) 57 (4) 79 (15) Yes 27 (7) 43 (3) 21 (4) a Mann-Whitney U-test was employed to compare age between the low and high Masood groups b Fisher's exact test was used for group comparison with respect to race (Caucasian vs. Non-Caucasian), menopausal status, prior biopsy (absence vs. presence), and family history of breast cancer eligibility criteria helped to increase the accrual of African American women as well collect atypical and/or suspicious cells from women who are potentially at an immediate risk for developing breast cancer. The final decision to aspirate both breasts of women was dependent on the breast surgeon. In some instances, the surgeon elected to aspirate only one breast due to either a time constraint in the operating room or a situation in which the surgical drapes were positioned in such a way that the patient would have to be re-prepped and draped to have a second aspiration (and thus, subjected to additional OR costs). Cytomorphology assessment and classification of cells by both categorical and semi-quantitative Masood cytology index scores [19, 20] were performed by a blinded, single cytopathologist (C.Z.). Index scores of B10 are classified as non-proliferative, 11-13 as hyperplasia (without atypia), 14-17 as atypia (also known as hyperplasia with atypia), and 18-24 as suspicious for malignancy [16] [17] [18] . It is noted that the above total scoring system is slightly different from previous studies [14, 15, 19, 20] .
Preparation of RPFNA samples for laser capture microdissection
Aspirates were immediately fixed in CytoLyt Ò (Hologic Inc., Marlborough, MA) containing final concentration of 1% formalin for 24 h at room temperature. RPFNA samples were washed in CytoLyt until the majority of red blood cells were removed and then stored at 4°C. A portion of the cell pellets from each sample were transferred to PreservCyt, followed by cytospin slide preparations via Shandon Cytospin Ò 4 Cytocentrifuge (Thermo Scientific, Waltham, MA). Individual slides were immediately placed in 75% ethanol for 30 s and hematoxylin stain (Sigma-Aldrich, St. Louis, MO) for 20 s. The slides were dehydrated in a graded series of ethanol (75%, 95% and 100%) for 30 s and xylene for 5 min, followed by air drying. The 75% ethanol and hematoxylin staining solutions were supplemented with Complete TM Protease Inhibitor tablets (Roche Applied Science, Indianapolis, IN). Stained slides were stored in a slide box containing fresh desiccant at room temperature until laser capture microdissection (LCM). Epithelial cells were microdissected with a PixCell II LCM system (MDS Analytical Technologies, Sunnyvale, CA) and stored onto microdissection caps at -80°C until lysed. Anonymity of each sample was maintained throughout the RPPM analysis at the George Mason University, while data analysis was performed at the Duke University Medical Center.
Reverse phase protein microarrays As previously described, cellular lysates from microdissected mammary epithelial cells were prepared and printed in triplicate onto nitrocellulose-coated slides, using an Aushon 2470 arrayer equipped with 350 lm pins [11] [12] [13] . Cellular lysates from A431 ± EGF, HeLa ± pervanadate, or Jurkat ± calyculin served as positive controls for antibody staining. Immunostaining of lysate arrays as well as image analysis of antibody-and SYPRO Ruby-stained slides were performed as previously described [11] . For this study, we initially chose 60 antibodies to examine the broad signaling pathways thought to be involved in breast cancer cell proliferation, survival, apoptosis, and metastasis.
Statistics
The mean relative intensity for each protein, as shown in the supplementary dataset (Online Resource 1), was background subtracted and then normalized to total protein. Unsupervised hierarchical clustering analysis was performed on log 2-transformed values for each protein endpoint, using average linkage of the Pearson correlation coefficient. To determine the associations between the proteomic measurements and patient characteristics, the non-parametric Wilcoxon rank sum test and Spearman correlation coefficient were used for categorical and continuous variables, respectively. Univariate logistic regression was performed on log 2-transformed values to determine whether expression of a particular protein(s) associate with a particular outcome, which in this case is presence of cytological atypia. To determine the associations between the two groups of categorical variables, Fisher's exact test was employed. Two-sided P-values \ 0.05 were reported as significant, and the Benjamini-Hochberg method was employed to estimate the False Discovery Rate from multiple comparisons. The collective association of protein clusters to patient characteristics was evaluated by using Significant Analysis of Function and Expression (SAFE) [21] . SAFE is a resampling-based method for assessing the significance of functional categories while appropriately accounting for co-expression of proteins.
Results
Demographic and clinical characteristics
The present study set included 26 women, five of whom contributed RPFNA samples from both breasts, and 21 women contributed samples from a single breast. RPFNA samples from 65% (17/26) of these women were obtained from the operating room due to (a) removal of suspicious lesion or (b) prophylactic mastectomy given the strong family history of breast cancer or the presence of BRCA1 mutation. In 3 of 17 women who underwent surgery, invasive cancer was diagnosed. Meanwhile, the remaining 35% (3/26) of women in this feasibility study set were aspirated in the clinic. Demographic and clinical data are summarized in Table 1 .
Eight of the 26 eligible women did not have history of abnormal biopsy; among these women, two contributed bilateral samples (Table 1) . Out of the six women with prior DCIS, two women were treated by excision alone; one woman contributed bilateral samples. In the remaining four women with prior DCIS, only the contralateral breasts were aspirated.
Forty-six percent (12/26) of women with prior invasive breast cancer underwent surgical procedures. The distribution of women among the different surgical procedures is as follows: 33% mastectomy alone, 17% lumpectomy alone, 8% lymph node biopsy alone, 33% mastectomy ? lymph node biopsy, and 9% lumpectomy ? lymph node biopsy.
Cytology and risk factor associations
Out of the 31 RPFNA samples that were assessed by our modified Masood cytology scoring system, 3% were nonproliferative, 16% were hyperplastic, 75% were atypical, and 6% were suspicious of cancer. Our cytopathologist, Dr. Carola Zalles, assigned both a qualitative assessment (hyperplasia, atypia, or suspicious) and a Masood score. We tested for the categories assigned to the Masood cytology score (hyperplasia: 11-13; atypia: 14-17, and suspicious for malignancy: [17) . There was an agreement between the qualitative descriptor and the quantitative Masood score in 97% (30/31) of samples. One sample was not in agreement, which in this case, a Masood score of 14 with a qualitative descriptor of hyperplasia.
Regardless of the technique employed to sample mammary cells, the presence of atypia increases the risk of women to short-term breast cancer [14, [22] [23] [24] [25] . We selected a Masood score of 15 and above to indicate the presence of atypia, a surrogate marker of short-term breast cancer, in RPFNA cytology. By stratifying cytological index scores into low and high Masood groups, we are then able to assess the impact of cytological atypia, if any, on risk factors for breast cancer and expression levels of various signaling proteins. Masood scores B14 were classified as low Masood group, while Masood scores C15 were classified as high Masood group. Approximately, 29% and 71% of the RPFNA samples comprised the low Masood and high Masood groups, respectively. Two of the samples in the high Masood group had suspicious (for malignancy) cytology.
The distribution of women in the two Masood groups is shown on Table 1 . Three of the women in the high Masood group were BRCA1 mutation carriers; two of which elected to have bilateral mastectomies. Women in low Masood group are not significantly different from women in high Masood group with respect to age, race, and menopausal status. Moreover, prior abnormal biopsies and family history of breast cancer are not different between these two groups.
A difference of 2 units or more between the Masood scores of bilateral RPFNA samples was considered disparate. Two of the 5 women who contributed bilateral samples had disparate Masood scores. To assign a woman with disparate bilateral index scores to either low or high Masood group, we determined the average of the two scores. For example, an average score of 14.5 was assigned to a high Masood group.
Protein clusters identified by exploratory analysis of RPFNAs
Before analysis, mammary epithelial cells were enriched by LCM to prevent contamination of signal from stroma. 60 proteins were initially examined by RPPM because they are thought to play an important role in deregulation of the broad, pro-survival RTK/PI3K/Akt/mTOR pathway. However, eight proteins were excluded from analysis due to insufficient intensity signals. Unsupervised hierarchical clustering analysis of the 52 protein endpoints revealed three major clusters of proteins (Fig. 1) encompassing the following activated pathways: (1) RTK/Akt/mTOR, (2) RTK/Akt/ERK, and (3) mitochondrial apoptosis. Proteins that regulate or contribute to mitochondrial apoptosis (Cluster 3) showed the highest expression (Fig. 1) . There was one cluster of mostly inactivated or low-expressing proteins, such as ER alpha and phosphorylated NFkB S536, which we collectively referred to as indeterminate Cluster 4. In contrast, the unsupervised clustering analysis did not segregate the RPFNA samples into low and high Masood groups (Fig. 1) or patient characteristics, such as race (Caucasian vs. non-Caucasian) or menopausal status (pre vs. post) (data not shown). Moreover, there was no clear similarity in the protein expression profiles of paired samples (i.e., bilateral samples) (Fig. 1) .
Unadjusted Wilcoxon rank sum test indicated differential expression or activation of the following proteins between the samples with low Masood scores and high Masood scores: Bcl-xL (P = 0.003), Bad (P = 0.011), phosphorylated Akt S473 (P = 0.025), phosphorylated EGFR Y992 (P = 0.036), and phosphorylated EGFR Y1068 (P = 0.043). All of these proteins were expressed at a higher level in the low Masood group. However, these apparent associations were not statistically significant after correction with Benjamini-Hochberg method. For the four clusters of proteins identified by unsupervised hierarchical clustering, the distributions of the aforementioned proteins are shown in Table 2 . Although no single cluster was statistically significant, components of the RTK/Akt/ERK (Cluster 2), mitochondrial apoptosis (Cluster 3), and indeterminate (Cluster 4) pathways showed negative correlation between the protein expression and high Masood scores ( Fig. 1 and Table 3 ).
Expression of key regulators of mitochondrial apoptosis in breast aspirates of high-risk women
In previous studies, breast aspirates with cytological atypia demonstrated a 5.6-fold increased risk to breast cancer [14] . We next examined whether any of the proteins in the study set associate with atypia, as measured by Masood cytology index scores C15, by performing a logistic regression on log 2-transformed values of each protein. Out of the 52 proteins, Bcl-xL (P = 0.021) and Bad (P = 0.026) expression levels seem to associate with the presence of atypia in aspirates of high-risk women. Both proteins belong to a family of B-cell lymphoma-2 (Bcl-2) proteins that play crucial but opposing roles in mitochondrial pathway of the programmed cell death or apoptosis [26, 27] . Upon closer examination, the relative intensity values of each protein (Fig. 2a, b) followed a non-normal distribution (data not shown). Spearman correlation coefficient analysis indicated that the protein levels of Bcl-xL and Bad in all the samples of high-risk women are positively and significantly correlated (r = 0.74, P \ 0.0001) (Fig. 2c) . When similar correlation analysis was performed by the group classification system, the positive correlation between the Bcl-xL and Bad levels was more statistically significant in the high Masood group (P = 0.009) than in the low Masood group (P = 0.036). However, a comparison of the central tendencies or medians of Bcl-xL/Bad ratios indicated that the low Masood (median = 1.17, range: 0-5.02, SD = 1.74, N = 9) and high Masood (median = 1.47, range: 0-3.27, SD = 1.10, N = 21) groups are not significantly different (P [ 0.05). Thus, the relative expression levels of the anti-apoptotic Bcl-xL and the pro-apoptotic Bad appear to be balanced in the breast aspirates of high-risk women. An alternative strategy employed by premalignant cells to evade apoptosis is activation of pro-survival RTK/PI3K/ Akt pathway [24] . To this end, we also examined the correlation between the pairs of key proteins that may play important cell survival roles, specifically proteins from Clusters 2 and 3. As indicated in Fig. 3 , we observed moderate but significant correlations in the following pairs of phosphorylated (p) proteins: p-EGFR Y1148 and p-PTEN S380 (r = 0.60, P = 0.0004); p-Akt S473 and p-PTEN S380 (r = 0.63, P = 0.0002).
Discussion
Protein microarray technology is an evolving highthroughput technology for examining several proteins simultaneously to determine the roles of cell signaling pathways in normal and diseased states. In combination with the laser capture microdissection, this technology can be employed to examine the signaling pathways of distinct cell populations in limited human specimens. It is becoming clear that the molecular profiling of patients' samples may contain important information for individualized prognostication and treatment selection. In the present study, we tested the feasibility of using RPPM to interrogate signaling events in mammary epithelial cells of high-risk women obtained by RPFNA. Both survival and apoptotic pathways were examined in this feasibility study set. The presence of atypia in cytological specimens has been utilized as a surrogate marker of breast cancer risk in high-risk populations [14, 15, 19] . Using a Masood cytology index score of 15 as a cutoff for atypia, we stratified the RPFNA samples into two groups. The samples with Masood index scores C15 were collectively considered atypical, while the samples with Masood scores B14 were considered non-atypical. Owing to the small sample size of the study set, the two Masood groups were not statistically different in age, race, menopausal status, prior abnormal biopsies, and family history of breast cancer (Table 1 ).
Initially, we tested whether any protein signature(s) associates with atypia, as measured by Masood scores C15. Unsupervised hierarchical clustering analysis indicated no clear separation of samples based on the absence or presence of atypia (Fig. 1, columns) . However, there was a clear partitioning of proteins into four clusters, with Cluster 3 showing the highest expression or activation (Fig. 1, rows) . Additional exploratory analysis indicated that phosphorylated proteins that promote cell survival (p-EGFR Y1068, p-EGFR Y992, and p-Akt S473) and control cell death (Bcl-xL and Bad) are activated or highly expressed in non-atypical samples, suggesting deregulation of these pathways in the early steps of mammary carcinogenesis.
Some of the proteins in Cluster 3 are known regulators of mitochondrial apoptosis (Fig. 4) . The intrinsic mitochondrial pathway of apoptosis is induced in response to various cellular stress signals, including direct DNA damage, hypoxia, growth or survival factor withdrawal, and oncogenes [26] [27] [28] [29] . In general, these stress signals result in the activation of pro-apoptotic proteins and subsequent interaction with anti-apoptotic proteins, leading to destabilization of the outer mitochondrial membrane and subsequent release of cytochrome C. Consequently, the apoptosome formation (consisting of Apaf-1 and procaspase-9) and the caspase-9/3 activation result in apoptosis (Fig. 4) .
The following Bcl-2 family members are key regulators of mitochondrial apoptosis, specifically in the release of cytochrome C: Bcl-xL, Bcl-2, Bad, Bax, Bim, and Bid. Of these proteins, anti-apoptotic Bcl-xL and Bcl-2 reside in the intracellular membranes of mitochondria and prevent cytochrome C release (Fig. 4) , while the remaining proapoptotic Bcl-2 family members reside in the cytosol as inactive forms and shuttle to the mitochondria following the activation by proteolysis (i.e., truncated Bid) and dephosphorylation (i.e., non-phosphorylated Bad) [26, 27] . In the present study, significant positive correlation between the Bcl-xL and Bad expression was observed in the breast RPFNAs of high-risk women with and without cytological atypia (Fig. 2c) . Overall levels of pro-and antiapoptotic proteins are thought to dictate a cell's fate: cells with more pro-death proteins are sensitive to death, while cells with excessive anti-death proteins are usually resistant [26] . Survey of Cluster 3 ( Fig. 1) indicated that six of the proteins contribute to cell survival (i.e., Bcl-xL, Bad S136, p-EGFR Y1148, p-Stat3 S727, p-PTEN S380, and VEG-FR2), while four of the proteins promote cell death (cleaved caspase7 D198, Bad, Bax, and PTEN). Given this observation, we predict that a subset of atypical samples in our study set comprised cells that will likely survive and develop to breast cancer. Our future proteomic studies will investigate large number of serial and/or bilateral RPFNAs of high-risk women who develop breast cancer to monitor both the cellular and molecular changes and identify potential targets of therapy. We will also validate our future protein expression profiles with immunohistochemistry (IHC) as previously attempted on a selected protein, using limiting RPFNA samples [30] .
While our study did not examine the expression of Fas, cofactor FADD, or caspase-8, we cannot rule out the activation of death receptor-mediated apoptosis (Fig. 4) in a subset of our breast aspirates. Nonetheless, our results suggest that the activation of RTK family member EGFR at Fig. 4 Two major pathways to apoptosis. The mitochondrial pathway (right) is activated by cellular stress signals, including growth factor withdrawal and DNA damage, and often results in activation of proapoptotic Bcl-2 family members (Bad, Bid, Bim, and Bax) 1 . These pro-apoptotic proteins form dimers with anti-apoptotic Bcl-xL and Bcl-2 at the surface of mitochondria, resulting in mitochondrial membrane permeabilization (MMP) and subsequent release of cytochrome C (Cyto C). Consequently, Apaf-1 and procaspase9 associate with Cyto C to form an apoptosome, resulting in caspase9 activation. Procaspase3 is then cleaved by caspase9 to form caspase3, committing the cell to apoptosis. Inhibition of apoptosis is primarily mediated by components of the RTK/PI3K/Akt signaling pathway. The death receptor-mediated pathway (left) is triggered by members of the Fas (or CD95) receptor superfamily upon stimulation by FasL. This interaction results in the formation of death-inducing complex, which comprises FADD (Fas-associated death domain protein) and procaspase8, and subsequent caspase8/3 activation. The activity of caspase3 is antagonized by IAPs (inhibitors of apoptosis), which in turn are antagonized by SMAC (second mitochondria-derived activator of caspase) [26] Y1148 leads to subsequent PI3K-mediated activation of downstream effector Akt (Fig. 5) , which in turn phosphorylates Bad at S136 [31] [32] [33] . Subsequent interaction of p-Bad S136 with 14-3-3 prevents translocation of Bad to the mitochondria [33, 34] . We propose that the reduction in the pool of unbound or non-phosphorylated Bad results in the decreased formation of Bcl-xL/Bad complex, which is necessary for pore formation to allow for cytochrome C release [35] . Thus, cell survival is favored in samples with activated EGFR/PI3K/Akt pathway (Fig. 5) .
Moreover, our study suggests reduced PTEN activity, as indirectly assessed by p-PTEN S380 levels, in a majority of our samples (Fig. 1, Cluster 3; Fig. 5 ). Although our study did not examine casein kinase II (CK2) expression levels, PTEN phosphorylation at S380 has been shown to be mediated by CK2, resulting in decreased PTEN stability and subsequent proteosome-mediated degradation [36] . Phosphorylation of PTEN at S380 prevents PTEN from binding to its PDZ domain-containing partners, such as the p85 subunit of PI3K, and localizing to the plasma membrane [37] . Thus, such phosphorylation event will negatively regulate PTEN function as an antagonist of PI3K/ Akt signaling.
Although the small sample size precluded our ability to draw any statistically significant associations between the cytological atypia and the activation of specific proteins or protein clusters, as assessed by Benjamini-Hochberg method, we made several observations that are consistent with other studies in regards to deregulation of cell signaling during mammary carcinogenesis. First, the EGFR/ PI3K/Akt pathway is activated in a subset of atypical mammary epithelial cells from high-risk women (Figs. 1, 3) , suggesting the importance of individual components of this pathway in cellular transformation and initiation of breast cancer as previously suggested by others [1] [2] [3] 32] . Second, our observed positive and significant correlation between p-PTEN S380 and p-EGFR Y1148 (Fig. 3a) was consistent with previous proteomic study of FNA samples taken from palpable masses of women diagnosed with stage 2 or 3 breast cancer [38] . Third, the balance between the sensitivity and resistance to cell death is regulated by the overall levels of members of the mitochondrial apoptosis pathway (Figs. 2, 4) , which in turn is influenced by various stimuli [26] [27] [28] [29] . Examination of the mean relative expression levels indicated an increase in p-Bad S136 expression by as much as 2.8-fold compared with positive regulators of cytochrome C release, such as non-phosphorylated Bad and Bax. The increased p-Bad S136 level is presumably due to the activation of the cell survival EGFR/ PI3K/Akt pathway [33, 34] . Fourth, the observation that PTEN stability may be compromised in our study set requires further validation with larger sample size and parallel biochemical experiments. There is an increasing evidence of important functional role of CK2 in modulation of the PTEN activity [36, 37] and global suppression of apoptosis [39] . Fig. 5 Proposed pro-survival signaling in RPFNA study set. Activation of p-EGFR Y1148 results in recruitment of adaptors Grb2 and Shc and subsequent activation of Ras and PI3K. PI3K-mediated phosphorylation of membranebound phosphatidylinositol-3,4-biphosphate (PIP 2 ) to phosphatidylinositol-3,4,5-triphosphate (PIP 3 ) recruits Akt to the plasma membrane where it is phosphorylated by phosphoinositide-dependent kinase-1 (PDK-1). Akt inhibits apoptosis by phosphorylating Bad at S136 and preventing its localization to the mitochondria. Phosphorylated Bad S136 is then sequestered by 14-3-3 in the cytosol, resulting in cell survival. Alternatively, casein kinase II (CK2)-mediated phosphorylation of PTEN at S380 may contribute to cell survival
In addition to small sample size, another limitation of our study is the lack of validation of the proteomic data with immunohistochemistry. The insufficient amount of cells and inadequate preservation of phosphoproteins in these cells precluded our ability to test for the expression of Bcl-xL, Bad, PTEN S380, Akt S473, or EGFR Y1148 by IHC. As mentioned earlier, we will test for correlation of the expression of selected proteins by RPPM and IHC in future studies.
Taken together, our exploratory proteomic analysis of mammary epithelial cells from high-risk women provides future opportunities to (a) identify potential biomarkers of breast cancer risk and progression, (b) develop combination therapies that are aimed at specific molecular targets within pro-survival signaling pathways, such as EGFR, Akt, and 14-3-3, and (c) study in greater detail the role of promising biomarker(s) predictive of response to targeted therapy.
